Recent studies have suggested that transmitter release facilitation at synapses is largely mediated by presynaptic Ca 2+ current facilitation, but the exact contribution of Ca 2+ current facilitation has not been determined quantitatively. Here, we determine the contribution of Ca 2+ current facilitation, and of an increase in the residual free Ca 2+ concentration ([Ca 2+ ] i ) in the nerve terminal, to paired-pulse facilitation of transmitter release at the calyx of Held. Under conditions of low release probability imposed by brief presynaptic voltage-clamp steps, transmitter release facilitation at short interstimulus intervals (4 ms) was 227 ± 31% of control, Ca 2+ current facilitation was 113 ± 4% of control, and the peak residual [ Synaptic short-term facilitation is a Ca 2+ -dependent elevation of transmitter release probability during repetitive stimulation of synapses that influences the information transfer between neurons (Abbott & Regehr, 2004) . It is well established that facilitation is caused by residual Ca 2+ that remains in the nerve terminal from the Ca 2+ influx during a previous action potential (AP) (Katz & Miledi, 1968; Zucker & Regehr, 2002) . There is also general agreement that simple linear summation of the residual free [Ca 2+ ] i transient and the 'local' [Ca 2+ ] i at the sites of vesicle fusion cannot explain facilitation, because the residual free [Ca 2+ ] i (amplitude of ∼0.5 μM) is too small to significantly increase the 'local' [Ca 2+ ] i signal, which has an estimated peak amplitude of 10-25 μM (Bollmann et al. 2000; Schneggenburger & Neher, 2000) . Therefore, one class of models, called the 'facilitation-site' model (Atluri & Regehr, 1996; Tang et al. 2000; Matveev et al. 2002) propose an additional, high-affinity Ca sensor that drives vesicle fusion. Other models propose that residual Ca 2+ remains bound to the Ca 2+ sensor for vesicle fusion ('bound Ca 2+ model'; Yamada & Zucker, 1992; Bertram et al. 1996) , or else, that non-linearities in the summation of the residual, and the 'local' Ca 2+ signal due to Ca 2+ buffer saturation cause facilitation ('Ca 2+ buffer saturation hypothesis'; Neher, 1998; Blatow et al. 2003; Felmy et al. 2003; Matveev et al. 2004) . These three models attempt to explain facilitation without assuming an increased presynaptic Ca 2+ influx, because early work at the squid giant synapse demonstrated that facilitation occurs in the absence of changes in Ca 2+ influx (Charlton et al. 1982 ; see also Felmy et al. 2003) . J Physiol 586.22 Recently, use-dependent changes in Ca 2+ entry into nerve terminals have received renewed attention as a possible mechanism for facilitation. One mechanism that might underlie an increase in presynaptic Ca 2+ influx is presynaptic action potential (AP) broadening, but its contribution to facilitation is probably restricted to later APs of a train (Jackson et al. 1991; Geiger & Jonas, 2000) . Independent from any change in the presynaptic AP waveform, facilitation of presynaptic Ca 2+ currents can lead to increased Ca 2+ entry during a second of a pair of AP-like stimuli. This mechanism of Ca 2+ current facilitation has been discovered in measurements of Ca 2+ currents at the large calyx of Held nerve terminals (Cuttle et al. 1998; Borst & Sakmann, 1998b) . At these terminals, Ca 2+ current facilitation is thought to be mediated by the Ca 2+ -binding protein neuronal Ca 2+ sensor protein-1 (NCS-1) (Tsujimoto et al. 2002) , is specific for the P/Q-type channels, as shown in studies of Ca 2+ channel α 1A -subunit knock-out mice (Inchauspe et al. 2004; Ishikawa et al. 2005) , and is caused by a Ca 2+ -dependent acceleration of the activation kinetics of Ca 2+ channels. Work on recombinantly expressed Ca 2+ channels has shown that the IQ site in P/Q-type Ca 2+ channels, which mediates interaction with calmodulin and other Ca 2+ -binding proteins (Lee et al. 2000; DeMaria et al. 2001) , is responsible for Ca 2+ current facilitation. Thus, details about the molecular mechanism of Ca 2+ current facilitation are now available, but the impact of Ca 2+ current facilitation on transmitter release facilitation is still a matter of debate.
It has been recently suggested that transmitter release facilitation at the calyx of Held synapse might be entirely mediated by Ca 2+ current facilitation (Inchauspe et al. 2007 ; see also Xu et al. 2007) . Also, by investigating the role of Ca 2+ current facilitation and inactivation in short-term plasticity in superior cervical ganglion neurons, Mochida et al. (2008) recently proposed that bi-directional modulation of Ca 2+ currents is the major cause of short-term facilitation and depression (Mochida et al. 2008) . On the other hand, robust facilitation of transmitter release was observed in experiments at the calyx of Held when only minimal Ca 2+ current facilitation was apparent (Felmy et al. 2003) . However, a quantitative estimate of the impact of Ca 2+ current facilitation on facilitation of transmitter release is missing.
Here, we quantified the contribution of Ca 2+ current facilitation to paired-pulse facilitation of transmitter release, by making paired pre-and postsynaptic voltage-clamp recordings at the calyx of Held synapse. This allowed us to measure the presynaptic Ca 2+ current facilitation under voltage clamp, and to image the presynaptic residual [Ca 2+ ] i signal in the nerve terminal, while monitoring paired-pulse facilitation of transmitter release in a simultaneous postsynaptic recording. In combination with kinetic transmitter release simulations that are based on the known intracellular Ca 2+ sensitivity of transmitter release at the calyx of Held (Bollmann et al. 2000; Schneggenburger & Neher, 2000; Felmy et al. 2003) , our data suggest that Ca 2+ current facilitation accounts for ∼40% of the observed transmitter release facilitation. The remaining release facilitation, which is strongly modulated in its time course by the decay of the residual free [Ca 2+ ] i , might be mediated by binding of Ca 2+ to a high-affinity facilitation site, and/or by Ca 2+ buffer saturation.
Methods

Electrophysiology and slice preparation
Simultaneous pre-and postsynaptic whole-cell recordings were made from visually identified calyx of Held synapses in transverse brainstem slices of 8-to 10-day-old Wistar rats, as previously described (Felmy et al. 2003 ] of 1 mM) was lowered to 0.6 mM in some experiments (Figs 1 and 2 ). For paired voltage-clamp recordings (Figs 2-8), we added 10 mM tetraethylammonium chloride (TEA-Cl), 0.5 μM tetrodotoxin, 50 μM D-2-amino-5-phophonovaleric acid, and 100 μM cyclothiazide to the extracellular solution. In one set of experiments (Fig. 7) , 3 μM ω-conotoxin GVIa (Bachem, Heidelberg, Germany), and 0.5 μM SNX-482 (Peptides International, Louisville, KY, USA) were applied to the bath, together with the drugs mentioned above. Bovine serum albumin (0.1 mg ml −1 ; Sigma) was added to the extracellular solution in this experiment (Fig. 7) to prevent absorption of the peptides to the tubing surface of the perfusion system. The pipette solution used for postsynaptic voltage-clamp recordings contained (in mM): 135 caesium gluconate, 20 TEA-Cl, 10 Hepes, 5 sodium phosphocreatine, 4 MgATP, 0.3 Na 2 GTP and 5 EGTA. The same solution, without EGTA, was used for presynaptic voltage-clamp recordings, to which either (i) 100 μM fura-6F, (ii) 75 μM EGTA and 100 μM fura-6F, or (iii) 50 μM fura-2 were added. For presynaptic current-clamp recordings (Fig. 1) , the pipette solution contained (in mM) 145 potassium gluconate, 10 Hepes, 2 ATP-Mg, 0.3 Na 2 GTP, 20 KCl and 75 μM EGTA. All experiments were conducted at room temperature (21-24
• C). Current-clamp and voltage-clamp recordings were performed using EPC-9/2 or EPC-10/2 double Ca 2+ current facilitation during paired-pulse facilitation 5505 patch-clamp amplifiers (HEKA Elektronik, Lambrecht, Germany). Series resistances (R s ) ranged between 3 and 8 M (compensation up to 90%) for postsynaptic recordings, and 15−30 M (55% compensation) for presynaptic recordings. Presynaptic current-clamp recordings were made under C fast cancellation and R s compensation (55%) of the EPC-10 amplifier. Postsynaptic EPSC traces were corrected for the remaining R s error off-line. During the simultaneous pre-and postsynaptic recordings shown in Figs 3-7, we stimulated the terminals by short (0.6-1.2 ms), identical presynaptic step depolarizations from −70 mV to +28 mV. The length of the pulses was adjusted in each cell pair such that the resulting EPSC amplitudes were 1-2 nA (Figs 3 and 4) . In the experiment shown in Fig. 8 , the duration of the second pulse was shortened by up to 1 ms with respect to the first one (see Results). In the experiments of Fig. 2 , release was stimulated by two identical AP voltage-clamp command waveforms. The command waveform was generated by averaging APs recorded in n = 9 calyces, and the clamp voltage before and after the AP was set to −70 mV. The resulting AP voltage-clamp command was from −70 mV to +49 mV, and had a 20-80% rise time of 0.21 ms and a half-width of 0.44 ms. We inserted plateaus of different lengths (0.2 ms increments) at the peak of the AP voltage-clamp commands to increase the Ca 2+ current amplitude (Borst & Sakmann, 1998a) . For these experiments (Fig. 2) , we attempted to cut calyceal axons by introducing a mediolateral angle during the slice preparation, with the aim of improving the presynaptic voltage-clamp conditions (Borst & Sakmann, 1998a) .
Presynaptic Ca 2+ currents (Figs 2, 3, 5, 7 and 8) are shown after leak-current correction and capacitivecurrent correction by using a 'p/5' protocol with leak pulses from −80 to −58 mV. For afferent fibre stimulation ( Fig. 1) , presynaptic axons were stimulated with a bipolar electrode that was custom-made from platinum-iridium wire (diameter: 0.125 mm), and placed close to the midline of the brainstem slice (Borst et al. 1995; Meyer et al. 2001) .
Paired-pulse facilitation was studied by applying pulse pairs at various interstimulus intervals (4, 10, 25, 50, 100 and 400 ms) in a pseudo-randomized sequence. Each pulse pair was separated by 15 or 20 s.
Ca
2+ imaging
Fura-6F (100 μM), or fura-2 (50 μM, both from Molecular Probes, Eugene, OR, USA) were added to the caesium gluconate-based presynaptic pipette solution (see above) to image [Ca 2+ ] i . The Ca 2+ -imaging system (TILL-Photonics, Gräfelfing, Germany) used a monochromator to excite the fura derivates at 355 nm (a slightly lower wavelength than the isosbestic point of the dyes), and at 380 nm. A 12-bit CCD camera was used to detect the emitted light. Sampling rate was ∼140 Hz (5 ms exposure time plus 2 ms wait time between each image), pixel binning was 8 × 15, and the off-line analysis was identical to the one previously described (Müller et al. 2007 ). The fluorescence ratios were converted to the intracellular free Ca 2+ concentration ([Ca 2+ ] i ) using the equation of Grynkiewicz et al. (1985) .
The calibration constants were first determined by an in vitro calibration, followed by an in-cell calibration of R min (fluorescence ratio at lowest Ca 2+ load), as previously described (Felmy et al. 2003; Müller et al. 2007 ). The apparent K d values of each dye were 14.7 ± 0.6 μM for fura-6F (n = 6 calibrations) and 0.2 μM for fura-2 (n = 1 calibration).
Data analysis
Transmitter-release rates were obtained by deconvolution of EPSCs under correction of glutamate spill-over current as described in detail by Neher & Sakaba (2001) . Facilitation of transmitter release at a given interstimulus interval is expressed as (%): Facilitation = (mean peak release rate2/ mean peak release rate1) × 100 (Figs 3-6). Alternatively, facilitation was analysed as (see Figs 2, 7 and 8) (%):
Applying these two analysis methods to the same data sets yielded similar amounts of facilitation.
To assess Ca 2+ current facilitation, we first integrated the Ca 2+ current traces to obtain Ca 2+ charge values (Q Ca ). Integration started at the zero intercept following the positive Ca 2+ current artifact. As we mostly observed a second, slowly decaying component to the Ca 2+ tail current that accounted for ∼5-10% of the total Ca 2+ current amplitude (see also Borst & Sakmann, 1998a) , integration stopped at 3 × τ of an exponential fitted to the fast Ca 2+ current decay. Otherwise integration stopped at the end of the tail current (zero intercept). Ca 2+ current facilitation was expressed as (%):
The spatially averaged presynaptic [Ca 2+ ] i transients in response to single voltage-clamp steps (Figs 3C and 4C) are averages of 18-38 sweeps (fura-6F), or 6-10 sweeps (fura-2), which were separated by at least 20 s. The decay of the average [Ca 2+ ] i transients were fitted with either double-exponential, or mono-exponential J Physiol 586.22 functions (Müller et al. 2007 ). Since we noticed that the peak of the [Ca 2+ ] i transient did not always coincide with the first data point following the stimulus onset, we back-extrapolated the exponential fits of the decay of [Ca 2+ ] i to the time corresponding to the stimulus onset (Fig. 3C) . The amplitude of the average [Ca 2+ ] i transient of a given terminal was calculated as the difference between the back-extrapolated [Ca 2+ ] i amplitude, and the average of 20 points before stimulus onset (Fig. 3C) .
All analysis routines and simulations were custom-written in IGOR (Wavemetrics Inc., Lake Oswego, OR, USA). Results are reported as mean ± S.E.M., and mean ± S.D. in bar graphs. Statistical significance was tested using Student's t test and accepted at P < 0.05.
Simulations of transmitter release
The 'local' [Ca 2+ ] i waveform compatible with the measured release rates and the previously obtained Ca 2+ sensitivity of transmitter release was inferred similarly as described before (Schneggenburger & Neher, 2000; Felmy et al. 2003; Lou et al. 2005) . In short, we used a template [Ca 2+ ] i waveform that was composed of two half-Gaussian functions which were attached to each other at their peaks. This 'local' [Ca 2+ ] i waveform (Fig. 5Ab , blue trace) was used to drive the models of cooperative calcium binding and vesicle fusion (the 'five-site model' and the 'allosteric model'; Schneggenburger & Neher, 2000; Lou et al. 2005) with the (control) parameters published in Felmy et al. 2003 5A ). We then ran the release model with local [Ca 2+ ] i waveforms of different amplitude, delay and decay rate, until the simulated transmitter release rate described the measured one (Fig. 5Ac left, blue trace).
Results
Action potential broadening does not contribute to facilitation of release
It is generally accepted that paired-pulse facilitation of transmitter release is not caused by changes in the presynaptic action potential (AP) waveform (see Zucker & Regehr, 2002 for a review), but this assumption has not been tested in CNS synapses. In a first series of experiments ( Fig. 1) , we therefore investigated whether paired-pulse facilitation of EPSCs is accompanied by changes in the presynaptic AP waveform. Simultaneous presynaptic current-clamp recordings, and postsynaptic voltage-clamp recordings were made at the calyx of Held, and afferent fibres were stimulated by an extracellular stimulation electrode with pairs of stimuli (interval, 10 ms). At the start of each experiment, the Ca 2+ concentration ([Ca 2+ ] o ) of the bath solution was 2 mM, and the EPSCs showed paired-pulse depression, as expected (Borst et al. 1995; Schneggenburger et al. 1999) . Reducing [Ca 2+ ] o to 0.6 mM at a constant [Mg 2+ ] o of 1 mM led to a decrease in the first EPSC amplitude, and converted paired-pulse depression into paired-pulse facilitation (Fig. 1A , black traces, bottom).
We verified whether reducing the [Ca 2+ ] o leads to a change in the AP half-width, but no significant change was observed (Fig. 1B) , with half-widths of 0.44 ± 0.02 ms and Ca 2+ current facilitation during paired-pulse facilitation 5507
0.45 ± 0.02 ms at 2 mM and 0.6 mM [Ca 2+ ] o , respectively (P = 0.37, n = 10 cells). (Fig. 1C) . The second AP was slightly broader than the first one, with half-widths 0.44 ± 0.02 ms and 0.46 ± 0.02 ms for the first and the second AP, respectively (P < 0.001; n = 10 cell pairs; Fig. 1D , left panel). At the same time, the second AP was slightly smaller (112 ± 3 mV) than the first one (117 ± 4 mV; measured from baseline; n = 10 cells; P < 0.001; Fig. 1D , right panel). Since the observed changes in AP amplitude and half-widths were small, and since they have opposite expected effects on presynaptic Ca 2+ influx, we estimate that changes of the presynaptic AP waveform do not contribute substantially to paired-pulse facilitation of transmitter release.
Studying paired-pulse facilitation with pairs of identical AP waveforms
The results in Fig. 1 suggest that paired-pulse facilitation is not caused by a change in the presynaptic AP waveform. If this is correct, then paired-pulse facilitation should also be observed when identical APs are used in a presynaptic voltage-clamp experiment. To test this, we used an AP-waveform command was based on a previously recorded presynaptic APs ( Fig. 1 ; see also; Borst & Sakmann, 1998a; Bischofberger et al. 2002) . We made paired pre-and postsynaptic wholecell recordings at low [Ca 2+ ] o (0.6 mM). The AP-voltageclamp command was applied twice at an interval of 10 ms ( Fig. 2A) . The Ca 2+ current in response to the first AP voltage-clamp command in the cell shown in Fig. 2A had an amplitude and a half-width of 1.31 nA and 0.4 ms, respectively, but the relatively small Ca 2+ charge associated with these currents (0.5-0.6 pC) evoked only small EPSCs (< 0.5 nA). In order to obtain larger first EPSC amplitudes (up to ∼2 nA), we prolonged the AP waveform at its peak, thereby evoking Ca 2+ tail currents and EPSCs of increasing amplitudes ( Fig. 2A ). This experiment also allowed us to investigate the relationship between presynaptic Ca 2+ currents and EPSC amplitudes upon increasing the number of activated Ca 2+ channels. Figure 2B shows the relationship between EPSC amplitude and presynaptic Ca 2+ current charge for the experiment of Fig. 2A , displayed in double-logarithmic scales. When we fitted the logarithmized data sets of this relation with a line (Fig. 2B ), we found a slope of 2.7 for this cell, and an average value of 2.8 (n = 4 cells; Fig. 2D ). Knowing this slope value, which represents the Ca 2+ current-release cooperativity, is necessary for estimating the impact of changes in the presynaptic Ca 2+ current on the amount of transmitter release. The value obtained here (∼3) at low [Ca 2+ ] o confirms earlier results which reported a cooperativity value of 3-3.5 (Schneggenburger et al. 1999; Xu & Wu, 2005) , but it does not agree with a recent estimate of ∼5.5 that was obtained at the calyces of Held of young mice at low [Ca 2+ ] o (Fedchyshyn & Wang, 2005) .
We next analysed paired-pulse facilitation of EPSC amplitudes ( Fig. 2A and C) . As shown in the plot of the paired-pulse ratio as a function of the first EPSC amplitude (Fig. 2C) , the average paired-pulse facilitation in the cell shown in Fig. 2 was 191%, for a range of first EPSC amplitudes of 0.5-2 nA, and 191 ± 8% for all cells (n = 4; Fig. 2D ; middle panel). Thus, robust paired-pulse facilitation of EPSCs is also seen when pairs of identical AP voltage-clamp commands are used. This demonstrates that paired-pulse facilitation of transmitter release is independent of any small changes in AP waveform that might occur during paired afferent fibre stimuli (Fig. 1) .
In the voltage-clamp experiment shown in Fig. 2 , we observed that the presynaptic Ca 2+ current facilitated to 106 ± 1% of its control charge integral (Fig. 2D , right panel; n = 4 cells), in good agreement with a previous study that used an AP as a voltage-clamp command (Borst & Sakmann, 1998b To examine the contribution of Ca 2+ current facilitation (Borst & Sakmann, 1998b; Cuttle et al. 1998 ) to facilitation of transmitter release, we made paired pre-and postsynaptic recordings, and applied pairs of identical presynaptic voltage-clamp steps to +28 mV. At the beginning of each experiment, we varied the length of both steps with the aim of evoking a small first EPSC (range, 0.5-2 nA across cells; conditions of 'low' release probability). In addition to Ca 2+ current facilitation, we also wished to assess the contribution of residual free [Ca 2+ ] i to paired-pulse facilitation. We therefore imaged the spatially averaged, 'residual' Ca 2+ signal with a low-affinity Ca 2+ indicator, fura-6F (100 μM), that was added to the presynaptic patch-pipette solution alone, or together with 75 μM EGTA. Introducing a low concentration of EGTA should mimic the endogenous mobile Ca 2+ buffer of calyces of Held (Müller et al. 2007 ), while fura-6F, due to its low Ca 2+ affinity, should not add significantly to the Ca 2+ buffering strength (κ) of the calyx of Held. Specifically, the Ca 2+ buffering capacity of an exogenously added buffer (κ B ) can be approximated by Neher, 1998) . Thus, the κ added by 100 μM fura-6F is only ∼6 (since the K d of fura-6F is 15 μM; see Methods). It is seen that the added κ B is small as compared to the endogenous Ca 2+ binding capacity of calyces of Held (κ S ∼30-40; Helmchen et al. 1997) . Figure 3 shows a paired recording with 75 μM EGTA and 100 μM fura-6F. A pair of short (1.0 ms) presynaptic depolarizing steps given at a brief interval (10 ms) resulted in robust paired-pulse facilitation of the EPSCs (Fig. 3Aa,  middle) . At the same time, we observed a slight facilitation of the presynaptic whole-cell Ca 2+ current (Fig. 3Aa,  arrowhead) . At longer interstimulus intervals, facilitation of the EPSCs and of the Ca 2+ currents was smaller (not shown), and at the longest interstimulus interval tested here (400 ms), we commonly observed a slight paired-pulse depression of EPSCs and Ca 2+ currents ( Fig. 3Ab ; Xu & Wu, 2005) . In order to analyse the amount of transmitter release facilitation, we applied EPSC deconvolution to derive the transmitter release rates ( Fig. 3Aa and b, bottom; Neher & Sakaba, 2001) . In the cell shown in Fig. 3 , transmitter release facilitation had a peak amplitude of 173 ± 17% of the control value, and decayed with a time constant of 24 ms (Fig. 3B, top) . Ca 2+ current facilitation was maximal at the shortest interstimulus interval (4 ms; 107 ± 1% of the control value), and decayed thereafter, showing paired-pulse depression at intervals of 100 ms or longer (to 94 ± 1% of control at 400 ms; Fig. 3B, bottom) . On average, transmitter release facilitation and Ca 2+ current facilitation were 227 ± 31% and 113 ± 4%, respectively (Fig. 3D , n = 4 cells). In the cell shown in Fig. 3A and B, the spatially averaged [Ca 2+ ] i Ca 2+ current facilitation during paired-pulse facilitation 5509 signal (Fig. 3C ) peaked at 0.24 μM, and decayed with a fast and a slow decay time constant of 37 ms and 744 ms, respectively. The results of similar experiments under three different presynaptic Ca 2+ -buffering conditions are summarized in Fig. 4 . We will first compare the data obtained with fura-6F alone, with the cells recorded in the presynaptic presence of fura-6F and 75 μM EGTA ( Fig. 4A-C ; black and blue traces). Under both conditions, we observed robust paired-pulse facilitation of transmitter release at the shortest interval (4 ms; 243 ± 19% for fura-6F, n = 4; and 227 ± 31% for fura-6F plus EGTA, n = 4). Transmitter release facilitation decayed significantly faster in the presence of 75 μM EGTA (25 ± 9 ms) than with fura-6F alone (70 ± 18 ms; P = 0.04; see Fig. 4A , black and blue data points and fit lines). The [Ca 2+ ] i transients had similar amplitudes (252 ± 18 nM and 255 ± 33 nM; fura-6F alone and fura-6F plus 75 μM EGTA, respectively), but the fast exponential componenent of the [Ca 2+ ] i decay was significantly faster in the presence of EGTA (τ fast , 26 ± 6 ms, n = 4) than in the absence of EGTA (τ fast , Figure 3 . Measuring Ca 2+ current facilitation and presynaptic residual [Ca 2+ ] i during transmitter release facilitation A, presynaptic whole-cell Ca 2+ currents (I Ca , integral highlighted in grey), EPSCs (middle) and transmitter release rates obtained from EPSC deconvolution analysis (bottom, see Methods), elicited by rectangular voltage-clamp steps applied at two different interstimulus intervals ( t). Fura-6F (100 μM) and EGTA (75 μM) were present in the presynaptic pipette solution. Note the slight facilitation of the Ca 2+ currents at the intervals of 10 ms (Aa, arrowhead), and the slight depression of Ca 2+ currents at the longest interval (Ab), respectively. B, paired-pulse facilitation of the peak transmitter release rate (mean ± S.E.M.; top), and of the presynaptic Ca 2+ current charges (bottom) as a function of the interstimulus interval. The data were fitted with single exponential functions, with time constants of 24 and 70 ms for transmitter release facilitation, and Ca 2+ current facilitation, respectively (grey lines). C, presynaptic residual Ca 2+ signal measured with 100 μM fura-6F in response to single voltage-clamp steps to +28 mV (average of n = 24 sweeps). The decay of the signal was fitted with a double-exponential function (grey fit line), that was back-extrapolated to the time of the stimulus (arrowhead ', left) , and release-rate facilitation (right) of n = 4 cell pairs recorded with 100 μM fura-6F and 75 μM EGTA.
95 ± 18 ms; n = 4; P < 0.001; see Fig. 4C , black and blue traces). Thus, low concentrations of EGTA accelerated the decay of the spatially averaged [Ca 2+ ] i transient and facilitation of transmitter release, in agreement with previous results (Atluri & Regehr, 1996; Müller et al. 2007) .
The maximal Ca 2+ current facilitation at the shortest interstimulus interval was not significantly different with and without EGTA, with amplitudes of 111 ± 2% (fura-6F; n = 4) and 113 ± 4% (fura-6F plus EGTA; n = 4; P = 0.72; Fig. 3B , black and blue data points). Also, when we fitted the decay of Ca 2+ current facilitation with exponential functions, we found similar decay time constants (τ = 86 ± 12 ms and 71 ± 10 ms in the absence and presence of EGTA; P = 0.38). Nevertheless, in the presence of EGTA, there was slightly more Ca 2+ current depression at an interval of 400 ms (91 ± 2% of control; n = 4 cells) than with fura-6F alone (96 ± 1%; n = 4 cells; P = 0.025; Fig. 4B ). Thus, Ca 2+ current facilitation decayed with a similar time constant in the two Ca 2+ -buffering conditions, but the absolute decrease of Ca 2+ current facilitation was somewhat more J Physiol 586.22 pronounced in the presence of EGTA, probably because the balance between Ca 2+ current facilitation and Ca 2+ current depression was changed by EGTA. The finding that a low concentration of EGTA markedly accelerates the decay of paired-pulse facilitation (Fig. 4A) , while leaving the decay of Ca 2+ current facilitation largely unaffected (Fig. 4B) indicates that Ca 2+ current facilitation has a limited contribution to facilitation of transmitter release. Below, we will analyse the contribution of Ca 2+ current facilitation to paired-pulse facilitation of release in detail (see Figs 5 and 6 ).
In the presence of the high-affinity Ca 2+ buffer fura-2 (50 μM; K d ∼0.2 μM, see Methods), the presynaptic [Ca 2+ ] i transient was strongly suppressed (amplitude, 36 ± 5 nM, n = 4 cells) and prolonged (τ = 680 ± 106 ms; Fig. 4C, red trace) . This was expected, because the exogenous Ca 2+ -buffering capacity (κ B ) introduced by 50 μM fura-2 (see eqn (1); κ B of 50 μM fura-2 ∼250) largely overrides the relatively low endogenous Ca 2+ -buffering capacity of calyces of Held (κ s ∼30-40; Helmchen et al. 1997) . With fura-2, transmitter release facilitation was . D, average control EPSC amplitudes (top), and control Ca 2+ charges (bottom) under the different Ca 2+ -buffering conditions. In the presence of fura-2, the Ca 2+ charge was significantly larger as compared with fura-6F alone (P = 0.04), but the EPSC amplitudes were not significantly different between the various Ca 2+ -buffering conditions, indicating a slight suppression of transmitter release by 50 μM fura-2. The average data in A-D are from the same data set (n = 4 cells for each Ca 2+ -buffering condition).
reduced in amplitude (160 ± 12%) and decayed very rapidly (τ = 14 ± 5 ms; Fig. 4A , red data points), such that at intervals of 25 ms or longer, almost no facilitation remained. Ca 2+ current facilitation was 103 ± 1% of control at the shortest interval (4 ms) (Fig. 4B , red data points), significantly smaller than with fura-6F alone (P = 0.009), and slightly smaller than with fura-6F and EGTA (P = 0.08). The smaller Ca 2+ current facilitation seen with fura-2 indicates that this fast, and high-affinity buffer lowers [Ca 2+ ] i close to the Ca 2+ channels, and can thereby reduce the amount of Ca 2+ current facilitation (Cuttle et al. 1998) . Figure 4D summarizes the average absolute values for the EPSC amplitudes (top) and the presynaptic Ca 2+ current charges (bottom) recorded under the three Ca 2+ -buffering conditions tested here. Our approach of choosing the lengths of the presynaptic depolarizations such that the resulting EPSC amplitudes were 0.5-2 nA (conditions of reduced release probability; see above), resulted in EPSC amplitudes that were similar across the different Ca 2+ -buffering conditions (Fig. 4D , upper panel;
Ca 2+ current facilitation during paired-pulse facilitation 5511 range 1.3-1.6 nA on average). However, in the presence of fura-2, the average Ca 2+ current charge was significantly larger than with fura-6F alone (P = 0.04; Fig. 4D, bottom) . This indicates that we needed to inject a slightly larger Ca 2+ current charge in the presence of fura-2 to reach EPSC amplitudes that were comparable to the other Ca 2+ -buffering conditions, suggesting that 50 μM fura-2 partially blocked release (see also Rozov et al. 2001) . With fura-6F, or fura-6F and EGTA, the absolute Ca 2+ current charge was 0.7-0.8 pC (Fig. 4D, bottom) , slightly smaller than the Ca 2+ charge that has been estimated to enter a calyx of Held during an AP at normal extracellular [Ca 2+ ] (∼0.9-1 pC; Helmchen et al. 1997; Borst & Sakmann, 1998a) . The slightly smaller value is expected, since we used short presynaptic depolarizations in order to obtain conditions of low initial release probability.
Taken together, the average data in Fig. 4 demonstrate a good correlation between the decay of paired-pulse facilitation, and the decay of the residual free [Ca 2+ ] i transient under conditions of low Ca 2+ buffering strength (fura-6F, with or without 75 μM EGTA). However, there was a mismatch between the time course of transmitter release facilitation and Ca 2+ current facilitation in the presence of EGTA, which will be analysed in more detail below (Fig. 6B) . (Schneggenburger & Neher, 2000) , with parameters determined by Felmy et al. (2003) . In order to analyse the effect of Ca 2+ current facilitation, and of an increase in residual free [Ca 2+ ] i on transmitter release during facilitation, we first back-calculated the 'local' [Ca 2+ ] i signal underlying the observed transmitter release rates. Figure 5 shows an example of how we derived the local [Ca 2+ ] i signal from the measured transmitter release rates. In this example, the first voltage-clamp stimulus elicited a presynaptic Ca 2+ current with a charge of 0.95 pC (Fig. 5Aa, left) , giving rise to a peak release rate of 67 vesicles ms −1 (Fig. 5Ac, left) . To derive the 'local' [Ca 2+ ] i signal (Fig. 5Ab , blue trace) compatible with the measured transmitter release rate, we assumed that the local [Ca 2+ ] i signal rises with the same speed as the recorded whole-cell Ca 2+ current ( Fig. 5Ab ; the inverted and scaled Ca 2+ current is shown as the black trace).
We used this waveform as a starting estimate of the local [Ca 2+ ] i signal (Fig. 5Ab, blue trace) , and varied the decay of the local [Ca 2+ ] i signal, its location on the abscissa, and its peak amplitude until the model output fitted the release rate measured in response to the first depolarization (Fig. 5Ac, blue and black trace) . In this example, the back-calculated local [Ca 2+ ] i had a 20-80% rise time of 0.087 ms (as constrained by the rise-time of the Ca 2+ current; see above), a half-duration of 0.48 ms, and an amplitude of 12.7 μM (Fig. 5Ab, blue trace, right  scale) .
In order to describe the facilitated transmitter release during the second depolarization (Fig. 5Ac, black (Fig. 5Ab , red dotted trace, 'Q') predicted a transmitter release rate with a peak of 83 vesicles ms −1 (Fig. 5Ac , red dotted line), corresponding to a release facilitation of 124% of control. Thus, the predicted facilitation accounted for less than half of the observed transmitter release facilitation, which was 182% in this example (Fig. 5Ac, black trace, right) .
We next asked whether taking into account a linear summation of the measured residual free [Ca 2+ ] i (in this cell 0.24 μM) to the local [Ca 2+ ] i signal (12.7 μM in this example) would yield a closer prediction of the observed release facilitation. This, however, only led to a small increase in the predicted facilitation (Fig. 5Ac , red trace, 'Q + R'; predicted facilitation: 132% of control). On average, Ca 2+ current facilitation together with a direct effect of residual free [Ca 2+ ] i on the Ca 2+ sensor for vesicle fusion explained only 51% (fura-6F alone; n = 4 cells) and 64% (fura-6F plus 75 μM EGTA; n = 4 cells) of the release facilitation observed at an interstimulus interval of 10 ms. Hence, Ca 2+ current facilitation, together with linear summation of free residual [Ca 2+ ] i and the local [Ca 2+ ] i signal, could not explain the full amount of transmitter release facilitation detected under the two Ca 2+ -buffering conditions. As suggested before for transmitter release facilitation induced by long (100 ms) conditioning depolarizations (Felmy et al. 2003) , one possibility to explain the remaining facilitation is to assume a supra-linear summation of the residual [Ca 2+ ] i and the local [Ca 2+ ] i , which might be caused by Ca 2+ -buffer saturation (Neher, 1998; Maeda et al. 1999) . In order to assess the degree of such a possible supra-linearity needed to fully explain paired-pulse facilitation, we further scaled the inferred local [Ca 2+ ] i signal prior to adding the measured residual [Ca 2+ ] i , until the prediction matched the observed release rate during facilitation (Fig. 5Ac , green dotted trace, 'Q + R + S'). On average, an additional increment of 6% (in the case of 100 μM fura-6F and 75 μM EGTA) and Felmy et al. 2003) . However, it remains equally possible that the Ca 2+ current-independent facilitation of release is mediated by other facilitation mechanisms, such as the 'facilitation site model' (Tang et al. 2000; see Discussion) .
The simulations shown in Fig. 5A predict the effect of small increases in the 'local' [Ca 2+ ] i signal on transmitter release output, based on the five-site model of Ca 2+ binding and transmitter release (Schneggenburger & Neher, 2000) . What is the Ca 2+ release cooperativity predicted by this model? To analyse the cooperativity, we scaled the local [Ca 2+ ] i waveform found for the cell shown in Fig. 5 (see Fig. 5Ab , left, blue trace) to n = 20 peak [Ca 2+ ] i values in the range of 1-100 μM. (Fig. 5B, continuous black trace) . In this range of [Ca 2+ ] i , the slope was 3.6 in double-logarithmic coordinates (Fig. 5B, red circles connected by a red line) . Interestingly, this cooperativity value agrees well with the Ca 2+ current-EPSC cooperativity measured in various studies (∼3: Fig. 2B Similar results were obtained when we modelled release with the more recently developed 'allosteric model' ; Fig. 5B, dashed line) Figure 6A shows the average paired-pulse facilitation of transmitter release observed in the presence of 100 μM fura-6F (black squares; data re-plotted from Fig. 4A ). Simulations based on the average observed Ca 2+ current facilitation predicted a release rate facilitation of 148% of control at the shortest interstimulus interval (4 ms), which decayed to 86% (net depression) at the longest interval of 400 ms (Fig. 6A, open red (Fig. 6A , red circles; 'Q + R') resulted in a maximal release facilitation of 164% of control, which decayed to 86% at an interval of 400 ms with a time constant of 73 ms. Thus, similar to the example cell shown in Fig. 5A , the combined contribution of Ca 2+ current facilitation and a linear summation of the free [Ca 2+ ] i signals explained only about half of the observed release facilitation, at all interstimulus intervals tested. In contrast to the difference in amplitude, the time course between the predicted (τ = 73 ms) and the observed release facilitation (τ = 70 ± 18 ms) matched well.
We next tested how much supra-linearity in the summation of residual free [Ca 2+ ] i and local [Ca 2+ ] i would be needed to explain the maximal amplitude of paired-pulse facilitation of release by the modelling approach outlined in Fig. 5 (Fig. 5Ab , green dotted trace; see also Felmy et al. 2003) . We found that a supra-linearity of ∼10% in the summation of the [Ca 2+ ] i signals, in combination with the effect of Ca 2+ current facilitation, was sufficient to describe the observed transmitter release facilitation ( Fig. 6A ; green open symbols; in this case the [Ca 2+ ] i signal was scaled until the simulated release facilitation matched the mean facilitation observed at the intervals of 4 ms and 10 ms). In the lower panel of Fig. 6A, the Figure 6B shows the corresponding analysis for the experiments performed in the presence of fura-6F and 75 μM EGTA. As reported above, in the presence of 75 μM EGTA (Fig. 4A and B) , paired-pulse facilitation of release decayed significantly faster (τ = 25 ms) than Ca 2+ current facilitation (τ = 71 ms). As a consequence, the analysis in Fig. 6B (Fig. 6B, top , red open and filled symbols, respectively). As the predicted release facilitation was smaller than the observed one, we again assessed the degree of supra-linearity in the summation of residual [Ca 2+ ] i and local [Ca 2+ ] i that would be necessary to fully explain facilitation (Fig. 6B, J Physiol 586.22 green symbols). Similar to the data obtained with fura-6F alone (Fig. 6A) , we found that an additional increase of the local [Ca 2+ ] i transient by ∼8% was needed to explain transmitter release facilitation at the shortest intervals Exponential fits (lines) to the data and to the predictions revealed that the predicted facilitation time courses decayed with a similar time constant (τ ) as the measured facilitation (τ ∼70 ms). Bottom: relative peak amplitudes of the derived 'local' [Ca 2+ ] i signals for transmitter release that underlie the simulations shown in the top panel. B, average transmitter release facilitation measured with 100 μM fura-6F and 75 μM EGTA in the presynaptic patch pipette (black squares; same data as Fig. 4A , blue symbols). Symbols and lines have the same meaning as in A. Note that facilitation predicted by Ca 2+ current facilitation alone (red squares), and by Ca 2+ current facilitation and a linear summation of residual free [Ca 2+ ] i and local [Ca 2+ ] i (red circles) had a smaller maximal amplitude, and a slower decay than the observed facilitation. (Fig. 6B, bottom, green symbols) Our analysis assumes that the Ca 2+ current facilitation measured in presynaptic whole-cell recordings is equal to the facilitation of Ca 2+ channels located at the active zone, where transmitter release takes place. A possible complication for this assumption arises because calyces of Held of young rats (postnatal days (P)8-10), such as the ones studied here, do not only express P/Q-type channels (∼80% of all Ca 2+ channels), but also N-and R-type Ca 2+ channels (Wu et al. 1999; Iwasaki et al. 2000) . Ca 2+ current facilitation is specific for P/Q-type channels, whereas presynaptic N-type channels do not show facilitation (Inchauspe et al. 2004; Ishikawa et al. 2005) . In addition, N-and R-type channels drive release at the calyx less efficiently than P/Q-type channels (Wu et al. 1999) . This combination of effects might lead to an underestimation of the impact of Ca 2+ current facilitation on transmitter release facilitation. To address this possibility, we blocked N-and R-type Ca 2+ channels by ω-conotoxin and SNX-482, respectively, and measured the amount of transmitter release facilitation and Ca 2+ current facilitation for the remaining P/Q-type Ca 2+ currents alone (Fig. 7) .
We first evoked release by applying double pulses of brief (0.8-1.6 ms) presynaptic depolarizations under control conditions. The width of the presynaptic depolarizations was chosen such that the resulting EPSCs had amplitudes of 2-3 nA. After establishing baseline amplitudes for presynaptic Ca 2+ currents and EPSCs (Fig. 7A) , we then applied 3 μM ω-conotoxin, and 0.5 μM SNX-482. In the example of Fig. 7 , the toxins reduced the Ca 2+ current charge (Q Ca ) from 1.73 to 1.46 pC, and thus, to 84% of its control value. The first EPSC amplitude was reduced from 3.3 to 1.8 nA (54% of control). On average, Q Ca and EPSC amplitudes were reduced to 78 ± 7% and 69 ± 14%, respectively (Fig. 7C, n = 3 cell pairs) . The amount of block of Q Ca indicates that ∼20% of all presynaptic Ca 2+ channels at this developmental stage are N-and R-type Ca 2+ channels, in agreement with previous results (Wu et al. 1999; Iwasaki et al. 2000) . In addition, the finding that the EPSC block was only slightly stronger than the block of the Ca 2+ charge (Fig. 7C) indicates that there is only a slight supra-linear relationship between Ca 2+ entry through R-and N-type channels and release, confirming previous work (Wu et al. 1999) .
After the blocking effect of ω-conotoxin and SNX had stabilized (Fig. 7B) , we measured paired-pulse facilitation of transmitter release using a double-pulse protocol with varying interstimulus intervals (Fig. 7D) . In the cell shown in Fig. 7 , the EPSC facilitation was 275 ± 33% at the shortest interval (4 ms), and facilitation decayed with a time constant of 28 ms (Fig. 7D, top; 75 μM EGTA in the presynaptic pipette). Ca 2+ current facilitation was 106% of control at the shortest interval (Fig. 7D, bottom) , and decayed with similar kinetics as under control conditions (Fig. 3B) . On average, Ca 2+ current facilitation and transmitter release facilitation were 108 ± 1 and 219 ± 17%, and thus, similar as under control conditions in the same cells (P = 0.3 and 0.5, respectively). Assuming a power relationship with an exponent of 3.5 between the EPSC and the Ca 2+ current, Ca 2+ current facilitation alone causes a release facilitation of 131%, corresponding to 26% of the total release facilitation. This value is similar, or even lower than our estimate obtained under control conditions (∼45%; see Fig. 3D ). Thus, we conclude that the presence of a small (∼20%) component of Ca 2+ current mediated by N-and R-type channels in our experiments did not influence our estimate of the contribution of Ca 2+ current facilitation to release facilitation. and EPSCs (bottom) in response to two identical voltage-clamp steps to +28 mV applied at an interstimulus interval of 10 ms under control conditions (75 μM EGTA was present in the presynaptic pipette solution). B, presynaptic Ca 2+ currents and EPSCs in the same cell pair after applying ω-conotoxin (3 μM) and SNX-482 (0.5 μM) to the bath solution. C, average relative values of Ca 2+ current charge (Q Ca , left), and EPSC amplitude (right) in the presence of ω-conotoxin and SNX (n = 3 cell pairs). D, time course of paired-pulse EPSC facilitation (mean ± S.E.M.; top), and Ca 2+ current facilitation (bottom) in the presence of ω-conotoxin and SNX (same cell as in A and B). Data were fitted with single exponential functions, with time constants of 24 and 70 ms for EPSC facilitation and Ca 2+ current facilitation, respectively (grey lines). E, average Ca 2+ current facilitation (left), and EPSC facilitation (right) recorded in the presence of ω-conotoxin and SNX in n = 3 cell pairs. Note that both Ca 2+ current facilitation and EPSC facilitation were similar to control conditions without ω-conotoxin and SNX (see Fig. 3D ).
Release facilitation independent of Ca 2+ current facilitation shown in voltage-clamp titration experiments
The experiments and analyses in Figs 3-7 suggest that about one-half of the observed transmitter release facilitation cannot be explained by Ca 2+ current facilitation (Figs 5 and 6 ). We therefore finally aimed to isolate transmitter release facilitation that is independent of Ca 2+ current facilitation. To do so, we performed a voltage-clamp 'titration' of the Ca 2+ charge entering during the second pulse, by applying second pulses with somewhat shorter durations than the first ones, with the aim of compensating for Ca 2+ current facilitation (Fig. 8) . In each experiment, we first applied two identical presynaptic voltage-clamp stimuli at an interval of 10 ms (Fig. 8A) . As expected, this led to a facilitation of the presynaptic Ca 2+ current (Fig. 8A, middle) , and the EPSC (bottom). In the same cell pair, we then decreased the length of the second depolarization (Fig. 8B, top) . In the example shown in Fig. 8B , the first depolarization with a length of 0.8 ms produced a Ca 2+ current with a charge of 1.01 pC, and the second step with a length 0.78 ms elicited a Ca 2+ current charge comparable to the first one J Physiol 586.22
(1.0 pC; Fig. 8B, middle panel) . Interestingly, the EPSC still facilitated to 151% of control (Fig. 8B, bottom) despite the fact that the Ca 2+ current facilitation was compensated by the shorter second voltage-clamp step.
In Fig. 8C , EPSC facilitation is plotted as a function of the relative Ca 2+ current charge during the second pulse for the same cell pair as shown in Fig. 8A and B. In this plot, data resulting from voltage-clamp steps with equal duration are shown as filled black symbols, whereas the data for shorter second steps are shown as open symbols. In this recording, we also applied one second pulse with a longer duration than the first one (Fig. 8C , dark grey Figure 8 . Direct evidence for transmitter release facilitation that is independent of Ca 2+ current facilitation A, a terminal filled with 75 μM EGTA was stimulated with two identical voltage-clamp steps to +28 mV (top) at an interstimulus interval of 10 ms. The resulting presynaptic whole-cell Ca 2+ currents (I Ca , middle, integral indicated in grey), and EPSCs (bottom) facilitated to 106%, and 232%, respectively. B, decreasing the length of the second depolarization by 0.02 ms with respect to the first step (top) produced an almost identical Ca 2+ current charge during the second step (99% of control). Nevertheless, the EPSC still facilitated (151% of control, bottom). C, relationship between EPSC facilitation and Ca 2+ current facilitation after varying the length of the second depolarization. The data obtained with identical stimulus durations are shown as filled black symbols, and the data which fell in a range of 98-100% of relative Ca 2+ current charge during the second step are shown by filled grey symbols. Note that the EPSCs facilitated to ∼140%, although there was no net Ca 2+ current facilitation (grey symbols). The dashed grey line is a simple prediction of the expected effect of Ca 2+ current facilitation alone, obtained by taking the 3.5th power of the relative Ca 2+ charge. Note that the data points show a clear y-offset above this prediction at both positive, and negative Ca 2+ current modulation. The grey line is a polynomial fit (3 terms). The data in A-C are from the same cell. D, average EPSC facilitation and Ca 2+ current facilitation measured in n = 5 cell pairs. The two bars outlined in black (left) show the data obtained with the same stimulus duration for the first and second pulse. The data shown by the bars outlined in grey (right) were obtained with slightly shorter second depolarizations, resulting in Ca 2+ current charges of 98-102% of control (average, 100 ± 0.4%, filled grey bar). Note that despite the absence of Ca 2+ current facilitation, the EPSCs still facilitated to 171 ± 11% of control (open grey bar). open symbol). A subset of the data in which the Ca 2+ current facilitation was almost perfectly compensated is shown as grey filled symbols (98-100% of the charge entering during the first pulse; Fig. 8C ). In this range of relative Ca 2+ entry, EPSC facilitation was still present (∼140% of the control EPSC; Fig. 8C , grey data points). This shows that transmitter release facilitation has a component that is independent of Ca 2+ current facilitation. The data in Fig. 8C were fitted with a polynomial function (grey line). For comparison, we also added a simple prediction of release facilitation mediated by Ca 2+ current facilitation alone, by taking the 3.5th
power of the relative Ca 2+ current charge (Fig. 8C, dashed  line) . The prediction passes through the origin, whereas the data show a nearly constant y-offset for all values of Ca 2+ current facilitation. This again shows that there must be an additional facilitation mechanism beyond Ca 2+ current facilitation.
To analyse these experiments across various cell-pairs, we compared the facilitation of EPSCs recorded with two identical voltage-clamp steps (i.e. in the presence of Ca 2+ current facilitation) with a group of data in which the reduced duration of the second pulse resulted in the absence of net Ca 2+ current facilitation (second Ca 2+ charge: 98-102% of control). As shown in Fig. 8D (left) , the average EPSC facilitation and Ca 2+ current facilitation seen with identical stimuli in n = 5 cells was 220 ± 9% of control, and 110 ± 6% of control, respectively (open and filled bars outlined in black, respectively), in good agreement with the results shown in Figs 3 and 7. When the Ca 2+ current charge during the second pulse was equal to the one during the first pulse (range, 98-102%; average, 100 ± 0.4%, n = 4 cells), the EPSCs still facilitated to 171 ± 11% of control (Fig. 8D , open and filled bars outlined in grey, right). In good agreement with our analysis (Figs 5 and 6), this experiment shows that a large part of the measured release facilitation (∼60%) can be observed in the absence of net Ca 2+ current facilitation, and is therefore independent of Ca 2+ current facilitation.
Discussion
Ca
2+ current facilitation does not fully account for paired-pulse facilitation
The calyx of Held shows depression under conditions of normal release probability (Borst et al. 1995; von Gersdorff et al. 1997; Wang & Kaczmarek, 1998) . However, when the release probability is lowered, depression is converted to paired-pulse facilitation, similar to observations at other synapses (Zucker & Regehr, 2002 and references therein). We have previously reported that with afferent fibre stimulation, when the first EPSC amplitude was reduced to ∼1-2 nA by lowering the extracellular [Ca 2+ ], paired-pulse facilitation was ∼200% of the first EPSC amplitude (see Fig. 3 of Müller et al. 2007) . This value of paired-pulse facilitation is very similar to paired pulse facilitation observed here under presynaptic voltage clamp, using conditions of low release probability imposed by sufficiently short presynaptic depolarizations. Specifically, with presynaptic pipette solutions with low Ca 2+ -buffering strength (fura-6F, with or without 75 μM EGTA), paired-pulse facilitation of transmitter release was in the range of 180-250% (Fig. 4A) , for first EPSC amplitudes in the range of 1.3-1.6 nA (Fig. 4D) . The similarity of paired-pulse facilitation between patch-clamped calyces of Held and unperturbed calyces of Held indicates that facilitation of transmitter release is not disrupted by presynaptic whole-cell recordings, unlike post-tetanic potentiation (Korogod et al. 2005) . Also, the finding that facilitation is similar under presynaptic current clamp (Fig. 1) , and under presynaptic voltage clamp using identical voltage-clamp stimuli, indicates that small changes in the presynaptic AP waveform that occur during paired-pulse stimulation do not mediate paired-pulse facilitation of release.
A prerequisite for estimating the contribution of Ca 2+ current facilitation to the facilitation of transmitter release is to correctly measure the amount of Ca 2+ current facilitation. At an interstimulus interval of 10 ms, we observed an average Ca 2+ current facilitation of ∼106% of control using AP waveforms as voltage-clamp commands (Fig. 2) , and of ∼110% with brief presynaptic voltage-clamp steps to +28 mV (Figs 3 and 4) . This amount of Ca 2+ current facilitation agrees well with the Ca 2+ current facilitation observed previously in response to two identical AP waveform voltage-clamp commands in rat calyces of Held (Borst & Sakmann, 1998b) . In contrast, higher values of Ca 2+ current facilitation of ∼120% of control were found by Cuttle et al. (1998) and Tsujimoto et al. (2002) in rat calyces of Held, and by Ishikawa et al. (2005) in mouse calyces of Held. In these latter studies, however, steps to lower voltages of −10 or 0 mV were used. Since Ca 2+ current facilitation is mediated by an acceleration of the activation kinetics of Ca 2+ channels, which is more predominant at negative membrane potentials (Borst & Sakmann, 1998b; Cuttle et al. 1998) , steps to lower voltages are expected to show larger Ca 2+ current facilitation than that observed during AP-like waveforms. Thus, the amount of Ca 2+ current facilitation relevant for AP-evoked transmitter release is most likely in the order of 106-112% (Figs 2, 3 and 4; and Borst & Sakmann, 1998b) .
In order to quantitatively estimate the effect of Ca 2+ current facilitation on facilitation of transmitter release, we analysed transmitter release rates with a kinetic model of Ca 2+ binding and vesicle fusion (the five-site model) that was developed previously based on the intracellular Ca 2+ sensitivity of release found by Ca 2+ uncaging (Schneggenburger & Neher, 2000; Felmy et al. 2003 ; see also Bollmann et al. 2000) . The simulations, which model a release machinery with an effective Ca 2+ cooperativity of ∼3.5 in the relevant range of [Ca 2+ ] i (Fig. 5B) , showed that the measured Ca 2+ current facilitation can account for a transmitter release facilitation of only ∼150% of control (Fig. 6A) , which corresponds to roughly 40% of the total amount of facilitation. By scaling the 'local' [Ca 2+ ] i transient with the amount of Ca 2+ current facilitation measured in whole-cell recordings, we implicitly assume that Ca 2+ channels located at different distances with J Physiol 586.22 respect to the readily releasable vesicles exhibit the same amount of Ca 2+ current facilitation. We have excluded the possibility that N-and R-type Ca 2+ channels, which are thought to couple to release more loosely than P/Q-type channels (Wu et al. 1999) , and which do not show Ca 2+ current facilitation (Inchauspe et al. 2004; Ishikawa et al. 2005) , could have influenced our estimate of the contribution of Ca 2+ current facilitation to release facilitation (Fig. 7) . Nevertheless, it remains possible that not all P/Q-type channels recorded during a whole-cell recording are located at equal distances from readily releasable vesicles. If, in addition, it is assumed that the degree of Ca 2+ current facilitation of P/Q-type Ca 2+ channels would depend on their localization close to readily releasable vesicles, maybe mediated by interactions of molecular components of the release machinery with Ca 2+ channel subunits, then a misestimate of the impact of Ca 2+ current facilitation on transmitter release would result. However, it is unknown whether Ca 2+ current facilitation indeed depends on the proximity of Ca 2+ channels to the release apparatus. In addition, several independent lines of evidence show that the contribution of Ca 2+ current facilitation to transmitter release facilitation is limited. Most importantly, compensating Ca 2+ current facilitation during the second pulse clearly showed a substantial amount of release facilitation that remained in the absence of net Ca 2+ current facilitation (Fig. 8) . In addition, the finding that low concentrations of EGTA significantly speeded up the decay of transmitter release facilitation, without substantially accelerating the decay of Ca 2+ current facilitation (Fig. 4) again indicates that Ca 2+ current facilitation alone cannot fully explain facilitation of transmitter release.
The mechanism of Ca 2+ current-independent facilitation
What is the mechanism that causes facilitation of transmitter release that is independent of Ca 2+ current facilitation? When we modelled the combined effect of Ca 2+ current facilitation, and of an assumed linear summation of the measured residual [Ca 2+ ] i and the derived 'local' [Ca 2+ ] i , we could still only predict about half of the observed transmitter release facilitation (Fig. 6A, filled red symbols) . Thus, a linear addition of residual free [Ca 2+ ] i to the local [Ca 2+ ] i only accounted for a small fraction of the observed facilitation (∼10%; Figs 5 and 6). This is because the increment in residual free [Ca 2+ ] i (∼250 nM under our conditions of reduced release probability; Fig. 4 ) is relatively small compared to the peak 'local' [Ca 2+ ] i (∼12 μM). This confirms the generally held view that a direct effect of residual [Ca 2+ ] i on the Ca 2+ sensor for vesicle fusion is small, because of the large difference between the amplitudes of the local and the residual [Ca 2+ ] i signal (Zucker & Regehr, 2002) .
In addition to Ca 2+ current facilitation and a linear summation of free [Ca 2+ ] i signals, there are three widely discussed facilitation mechanisms that could mediate Ca 2+ current-independent facilitation (see Introduction). The 'bound Ca 2+ model' assumes that residual Ca 2+ remains bound to a presumed high-affinity site that forms part of the Ca 2+ sensor for vesicle fusion (Bertram et al. 1996; Matveev et al. 2006) . However, this model predicts that the intracellular Ca 2+ sensitivity of release is enhanced during facilitation (Bertram et al. 1996) ; a prediction that was not confirmed experimentally at the calyx of Held (Felmy et al. 2003) . Based on our results, it is more difficult to distinguish between the 'facilitation site model' (Tang et al. 2000; Matveev et al. 2002) , and Ca 2+ -buffer saturation (Blatow et al. 2003; Felmy et al. 2003) as an explanation for the Ca 2+ current-independent facilitation. An argument against Ca 2+ -buffer saturation at the calyx of Held is that small concentrations of a high-affinity Ca 2+ buffer with fast binding kinetics (fura-2, a BAPTA-like buffer) does not cause, but rather suppresses paired-pulse facilitation (Fig. 4) . At the same time, small amounts of fura-2 strongly decrease the amplitude of the residual free [Ca 2+ ] i transient (Helmchen et al. 1997; Müller et al. 2007 ). This, together with the finding that paired-pulse facilitation is correlated with the decay of residual [Ca 2+ ] i ( Fig. 4 ; Atluri & Regehr, 1996; Müller et al. 2007) , shows that facilitation depends on the residual free [Ca 2+ ] i . This, at first hand, seems to be more compatible with the facilitation site model, which assumes that the facilitation site is in rapid equilibrium with the fast decaying residual free [Ca 2+ ] i transient, but it does not exclude a Ca 2+ -buffer saturation mechanism.
Evidence for a fast-binding, saturable Ca 2+ buffer as postulated by the Ca 2+ -buffer saturation model (Neher, 1998; Matveev et al. 2004) has been scarce at calyces of Held (Habets & Borst, 2006; Müller et al. 2007) . At the young stages of development investigated here (P8-P10), calyces contain an endogenous mobile Ca 2+ buffer with slow Ca 2+ -binding kinetics, probably represented by parvalbumin (Müller et al. 2007 ). Calretinin, a candidate for a fast-binding Ca 2+ buffer (Edmonds et al. 2000 ) is only expressed from about P14 onwards (Felmy & Schneggenburger, 2004) , and it is difficult to study its functional role at the calyx of Held, because in mice, only a small fraction of all calyces of Held express calretinin (Felmy & Schneggenburger, 2004) . In addition, a recent in vitro study has ascribed only moderately fast average Ca 2+ binding rates to calretinin (Faas et al. 2007 ). An alternative to the action of mobile Ca 2+ buffers might be the possibility that saturation of an immobile Ca 2+ buffer located close to the sites of vesicle fusion contributes to the postulated supra-linearity in the summation of [Ca 2+ ] i signals (Fig. 6) . Such a possibility, however, needs to be explored by detailed modelling (see also Matveev et al. Ca 2+ current facilitation during paired-pulse facilitation 5519
2004). Taken together, both a facilitation site, as well as Ca 2+ -buffer saturation could contribute to facilitation of transmitter release that is independent of Ca 2+ current facilitation.
Physiological implications
What might be the physiological role of short-term facilitation in a synapse like the calyx of Held that shows net depression of EPSCs under most conditions of repetitive activity? In general, the presence of facilitation mechanisms could transiently oppose the effect of synaptic depression, before mechanisms like depletion of readily releasable vesicle pools, or postsynaptic desensitization become overwhelming. Indeed, facilitation of EPSCs has been observed at the onset of high-frequency trains at calyx of Held synapses with a relatively small first EPSC amplitude (Schneggenburger et al. 1999) , or when AMPA receptor desensitization was prevented with rapid off-antagonists (Wong et al. 2003) , showing that facilitation also acts during conditions of normal release probability. Since the decay of facilitation is fast, tracking the rapid decay of residual free [Ca 2+ ] i (τ ∼30-50 ms under unperturbed Ca 2+ buffering conditions; Müller et al. 2007) , stimulus trains at frequencies lower than ∼30 Hz are expected to spare the facilitation mechanisms. However, high frequency trains should lead to facilitation of the release probability with ongoing stimulation in parallel to net depression of release, as has been suggested recently by a quantitative analysis of pool depletion (Hosoi et al. 2007 ). Thus, it is possible that facilitation of the release probability of any given vesicle remaining in the readily releasable pool contributes to determining the steady-state EPSC amplitude under conditions of high-frequency stimulation. This possibility needs to be addressed in future studies.
